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Photoacoustic imaging (PAI) is a fast evolving imaging technology enabling in vivo imaging
with high specificity and spatial resolution. However, due to strong background signals
from various intrinsic chromospheres such as melanin, photoacoustic imaging of targeting
objects labeled by contrast agents remain a challenge. The transient triplet differential (TTD)
method has shown a significant potential for background-free photoacoustic imaging.
Here, we develop a photoacoustic system using an ultrasonic semicircular ring array for
transient triplet differential imaging. Pt(II) Octaethylporphine (PtOEP) and black ink are used
as the contrast agent and the phantom of melanoma, respectively. Using the TTD method,
we could remove the strong background signal from black ink. The ratio between contrast
agent signal and background signal is increased to about 10 times the previous one. Our
finding demonstrates the potential of the TTD method on molecular imaging for strong
background removal.
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INTRODUCTION

Photoacoustic (PA) imaging is an imaging method that images light-absorbing tissues based on the
photoacoustic effect. This leads to thermoelastic expansion and propagation of ultrasound (US) waves
that are then detected using a US transducer (Xu and Wang, 2006; Paul, 2011). According to the light
absorption coefficient of different tissues, different ultrasonic signals are obtained, and the received signals
are used for image reconstruction to get information about different organizations (Xu andWang, 2005).
Photoacoustic imaging can image endogenous tissue contrast agents or exogenous contrast agents in deep
biological samples with high spatial resolution (Tsang et al., 2020). Therefore, it can trackmanymolecular
level objects, such as T cells (Zheng et al., 2018), enzymes (Zha et al., 2013), and metal ions (Liu et al.,
2017), which has shown great potential in many preclinical and clinical applications.

However, due to strong background signals from various intrinsic chromospheres such as
hemoglobin (Yao et al., 2015), melanin (Zhang et al., 2010), and lipids (Matthews et al., 2014),
PA imaging of targeting objects labeled by contrast agents has remained a challenge. Several methods
have been developed to overcome the challenge (Oh et al., 2006; Allen et al., 2012). Among these, the
transient triplet differential (TTD) method has shown a significant potential for background-free
molecular imaging (Tan et al., 2018).
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The exogenous contrast agents for transient triplet differential
(TTD) PA imaging are phosphorescent materials such as Pt(II)
octaethylporphine (PtOEP) (Mills and Lepre, 1997). When the
phosphorescent material is excited by a laser with specific
wavelength (λ1), the electrons in the ground state (S0) will be
pumped to the singlet state (S1) and then transferred into the
triplet state (T1) through intersystem crossing (ISC). Then, the
electrons later decay at a much slower rate through
phosphorescence, from microseconds to milliseconds.
Ordinarily, the triplet state has an absorption peak (λ2) that is
well shifted from the ground state absorption peak (λ1). By using
a probe beam with the absorption peak (λ2) of the triplet state, the
electrons in the triplet state (T1) will be pumped to the second
triplet state. Because the electron relaxation from T2 to T1 is a
nonradioactive process, a triplet state photoacoustic signal will be
generated at that time, and the principle is shown in Figure 1
(Ashkenazi et al., 2008; Berera et al., 2009). Since only
phosphorescent with electrons in the triplet state can generate
the triplet state PA signal, the differential signal will exclusively
come from the phosphorescent contrast agent. The difference
between PA signals and triplet state PA signals allows the removal
of background signals from endogenous chromospheres without
phosphorescent.

Melanoma is the most dangerous type of skin cancer with high
lethal rate. It develops from the cells (melanocytes) that produce
melanin. Melanin has a strong absorption coefficient for light of
different wavelengths in the spectrum, which enables PA imaging
for boundary detection (Park et al., 2021). On the other side, due
to the existence of this strong background signal from melanin,
there has been a lack of PA molecular imaging studies on the
proteins, biomarkers, and cells of melanoma tissue. Besides, in
previous studies, melanoma phantom with black ink has been
widely used to imitate the strong light absorption ability of
melanin.

Ultrasonic ring array can collect the acoustic signal around the
target at one time and optimize the image quality by calculating
the distribution of sound velocity (Xia et al., 2013; Zhang and
Wang, 2020). This study develops a transient triplet differential
(TTD) PA system with a semicircular ring array. With the

background of melanin phantom, we use photoacoustic
imaging and transient triple difference method to image
phosphorescent contrast agent separately. The results indicate
that TTD can successfully remove the strong background PA
signal from melanoma phantom, which can be potentially used
for in vivomolecular imaging andmolecular typing of melanoma.

MATERIALS AND METHODS

Material
In this study, octaethylporphine platinum (Pt(II)
octaethylporphine, PtOEP), a transition metal complex, is used
as the phosphorescent material, and the molecular structure is
shown in Figure 2. It is in powder form at room temperature and
is insoluble in water. It is easily soluble in organic solvents such as
toluene (Ashkenazi et al., 2008). Research has found that PtOEP
is an oxygen-sensitive material, and its luminescence will be
quenched by oxygen. The peak absorption wavelengths of the
singlet and triplet states of PtOEP are 532 and 740 nm,
respectively. We use 10 ml of toluene solution to dissolve
7.38 mg of the PtOEP powder to obtain a mixed solution with
a final concentration of 1 mM.

As mentioned before, black ink was used to imitate the
melanin in-body model to test the ability of TTD to remove
strong background signals.

Instruments
The semicircular ring array has 128 elements, the center
frequency is 3 MHz, and the average relative bandwidth is
60%, but 32 elements of the top are hollowed out for wiring.
128 elements are equally spaced and evenly distributed on a
semicircular arc with a radius of 60 mm and an angle of 180°,
while ensuring the focus in the z-axis (shown in Figure 3). The
advantage of such an array design is that for each target object, a
piezoelectric element is perpendicular to its edge direction, and all
the information of the target object can be obtained at one time,
and the image quality can be optimized by calculating the sound
velocity. The 64-channel signal passes through the port and is
input to the amplifier with a multiple of 40 dB. Each amplifier
contains eight input channels and four output channels.
The selection of input and output channels is controlled by a

FIGURE 1 | Principle of the triplet state photoacoustic signal from
phosphorescent materials.

FIGURE 2 | The molecular structure formula of PtOEP.
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2 1-channel selection multiplexer. 128 channels can output 64
channels at a time and can input 8 8-channel capture cards. The
sampling rate of each capture card is 50 MS/s with a 24-bit
resolution.

A DG645 digital delay/pulse generator (Stanford Research
Systems, CA, United States) is used to control the
synchronization between the two lasers. It can provide a
precisely defined pulse repetition rate up to 10 MHz. The
input is the synchronization trigger signal of the Nd:YAG
laser. After a time delay controlled by the DG645, the OPO

laser is triggered. We set different time delays ranging from −2 to
8 μs between the two lasers with ±3.5 V input signal amplitude.

System
The schematic of the system is shown in Figure 4. A Q-switched
Nd:YAG laser (Beamtech Optronics Co., Ltd., Beijing, China) is
used to generate excitation pulse with a wavelength of 532 nm, a
repetition frequency of 10 Hz, a pulse width of 10 ns, an energy of
10 mJ, and a beam width of 6 mm. The SpitLight 600 OPO laser
(Innolas Laser GmbH, Munich, Germany) is used to generate

FIGURE 3 | (A) Structure diagram of circular array; (B) physical picture of the circular array.

FIGURE 4 | Schematic diagram of a transient triplet differential photoacoustic imaging system.
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probe pulse with 740 nm wavelength, 20 Hz repetition frequency,
5 ns pulse width, 13 mJ energy, and 2 mm beam width. The beam
is focused by the lens and coupled into a quartz fiber. After the
YAG laser externally triggers the DG645, DG645 generates a set
of delay signals (−2, 0, 0.5, 1, 2, 4, and 8 µs) to delay the
synchronous output trigger signal that controls the OPO laser
to emit probe pulse. The two laser beams are directed to overlap
on the target area. The ultrasonic transducer converts the acoustic
signal into an electrical signal, and a digital oscilloscope is used to
simultaneously observe the delays of various trigger signals
amplified by the signal amplifier and the triplet state
photoacoustic signals that vary with different delay times. The
data are collected by a data acquisition card and analyzed by a
computer.

RESULTS AND ANALYSIS

Transient Triplet Differential Signal for
PtOEP
Figure 5A shows the PA signals of PtOEP excited by different
wavelengths. The red line is the PA signal of the glass tube with
PtOEP stimulated by 740 nm beam (PA740). The green line is the
PA signal of the glass tube with PtOEP stimulated by 532 nm beam
(PA532). The black line is the PA signal of the glass tubewith PtOEP
stimulated by 532 and 740 nm combined beam. The blue line is the
PA signal using 532 and740 nm combined beam subtracts the PA
signal stimulated by 740 nm beam and then subtracts the PA signal
using 532 nm beam. This last differential PA signal is called the
TTD signal (PAtransient), described as follows:

PAtransient,τ � PA740+532,τ − PA532,τ − PA740,τ , (1)

where τ is the pump-probe delay time:

Because the triplet state photoacoustic signal only can be
generated by the phosphorescent material, after the TTD
process, the area with the phosphorescent material keeps the
obvious signal (Figure 5B). Therefore, the obtained triplet state
photoacoustic signal can be used for image reconstruction to
remove the background signal.

When the excitation light is removed, the time required
for the phosphorescence intensity to drop to 1/e of the
maximum phosphorescence intensity during excitation is
called phosphorescence lifetime; we fit the photoacoustic
signals after multiple acquisitions and differentials and
obtain the phosphorescence lifetime photoacoustic signal
as shown in Figure 6. As the delay time increases, the TTD
signal gradually decreases. By calculating the

FIGURE 5 | Photoacoustic signal with 0.5 µs time delay. (A)Black line is the PA signal of the glass tube with PtOEP stimulated by 532 and 740 nm combined beam.
Red line is the PA signal of the glass tube with PtOEP stimulated by 740 nm beam. Green line is the PA signal of the glass tube with PtOEP stimulated by 532 nm beam.
(B) The PA signal stimulated 532 and 740 nm combined beam subtracts the PA signal stimulated by 740 nm beam and then subtracts the PA signal using 532 nm
beam, which is the TTD signal.

FIGURE 6 | Normalized TTD signals with varying delay times.
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phosphorescence lifetime according to the reference by
Shaoqi (Shao et al., 2013), we collect a series of transient
power amplifier signals under different pump-probe delays
(τ) and fit them to an exponential decay function, as
described in Eq. 2, and we get that the phosphorescence
lifetime of PtOEP is 2.204 µs:

ΡAtransient � ΡAtransient , 0 e
−1
T τ , (2)

where T is the lifetime, PAtransient is the transient photoacoustic
signal, and PAtransient, 0 is the maximum photoacoustic signal.

Transient Triplet Differential Imaging for
PtOEP
Figure 7 shows the TTD imaging of PtOEP. The time delay is the
period between the excitation pulse (532 nm) and probe pulse
(740 nm). Minus time means the probe pulse stimulated before
excitation pulse. When the time delay is −2 µs, no TTD signal can
be obtained. When the time delay is 0 µs, the glass tube with
PtOEP can be imaged using the semicircular ring array. As the
time delay increases, the amplitude of the TTD signal decreases.

The results indicate that the system and method in this study are
effective for TTD imaging.

Transient Triplet Differential Imaging for
Black Ink and PtOEP
In order to test the background removal ability of TTD imaging,
we set a glass tube with black ink close to a tube with PtOEP
(shown in Figure 8), the black ink with strong light absorption is
widely used as the phantom of melanoma, and its absorbance at
532 nm wavelength is 3.052 and at 740 nm wavelength is 2.489.
Figure 9A shows the PA images stimulated by 532 and 740 nm
combined beam. In Figure 9B, we can observe the image of
PtOEP because the absorption peak of PtOEP is 532 nm. In
Figure 9C, the PA images stimulated by 740 nm are shown.
Compared with the signal from black ink, the signal of PtOEP is
too weak to observe. Table 1 shows the signal amplitude of
Figure 9A. Although the amplitude of PtOEP is 30.7718 mV, it is
weak compared with the amplitude of black ink. These results
imply that, even using the exogenous contrast such as PtOEP, we
cannot obtain the specific molecular images with strong

FIGURE 7 | Imaging of the TDD signal of PtOEP. (A)–(C) TDD signal imaging at −2, 0, and 2 µs time delay, respectively.

FIGURE 8 | Schematic diagram of the position of the circular array, black ink tube, and PtOEP tube.
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background like melanin. Figure 9D shows the image after the
TTD process according to Eq. 1, the background signal is
removed successfully, and the signal of PtOEP survived. As
Table 1 shows, although the amplitude of the PtOEP signal is
reduced from 30.7718 to 10.1934 mV (a reduction of about 67%),
the amplitude of the strong black ink signal is reduced from
98.9145 to 3.2878 mV (a reduction of about 96%), and the ratio
between PtOEP signal and black ink signal is increased from
0.3111 to 3.1003, which increases to about 10 times the previous

one. Therefore, TTD imaging can successfully remove the strong
background signal like black ink.

Imaging System Optimization Test
We then study the effect from signal averages. Figure 10 shows that as
the average number increases, the image intensity becomes weaker and
the image quality becomes better.Table 2 lists the signal amplitude and
ratio between black ink and PtOEP. The results indicate that as the
number of averages increases, the signal amplitude continues to
decrease, but the ratio to the background signal continues to
increase, indicating that the image signal continues to stabilize, the
jitter decreases, and the signal and image are more realistic.

However, if the number of averages increases, the acquisition time
will also increase. This means that more time is needed for signal
acquisition, which will increase the uncertainty of the system, and due
to the extension of time, the laser crystal energy will continue to
decrease, which will affect the accuracy of the experiment.

FIGURE 9 | TTD images of black ink (left) and PtOEP (right) with 0 µs time delay and 50 signal averages. (A) Photoacoustic image stimulated by 532 and 740 nm
combined beam; the red line frame is the imaging area of PtOEP. (B) Photoacoustic image stimulated by 532 nm beam. (C) Photoacoustic image stimulated by 740 nm
beam. (D) TTD images.

TABLE 1 | Merge image and TDD image signal value contrast.

Merge TTD

Black ink signal (value 1/mV) 98.9145 3.2878
PtOEP signal (value 2/mV) 30.7718 10.1934
Ratio (value 2/value 1) 0.3111 3.1003
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Based on the obtained results, we can draw the following
conclusion: as the number of averaging increases, although the
signal ratio continues to increase, the PtOEP signal continues to
decrease, which will affect the observation of the image. In
summary, choosing 50 times the average signal can not only
meet the request of the imaging but also provide high contrast.

CONCLUSION

In this study, we develop a photoacoustic system with a
semicircular ring array for transient triplet differential (TTD)
imaging. PtOEP is used as the exogenous contrast agent and
black ink was used to mimic the strong light absorption of
melanin. We first obtain the TTD signal with different delay
times. Then the background signal is successfully removed by
TTD imaging. The ratio between PtOEP signal and black ink signal
is increased to about 10 times the previous one. Besides, the effect
from the signal average is studied. In summary, this study proves
that the TTD method can image phosphorescent materials with
strong background such as black ink which has great potential in in
vivomolecular imaging of specific biomarkers such as protein and
immune cells in melanoma.
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